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TheCDFexperimenthasdevelopedseveralhigh pr b-jetidentificationtoolsfor theRunll physics

programat the Tevatron. Hereinwe describein detail one suchb-taggingtool that exploits the

long-lifetime of theb quarkby identifying decayerticessignificantlydisplacedrom theprimary

interactionpoint. The b-tag efficiency is extractedfrom a b enricheddatasample;the methodis

describedjncluding a discussiorof the importantsystematiceffects. The data-drven measure-
mentof the falsepositive tagrateis alsodescribedaswell asan explanationof how the perjet

falsepositive rateis usedto predictthe backgrounccontritution to the selectedsample.Finally

we concludewith adiscussiorof issueghathave provencritical for b-taggingat CDF andshould
be givenattentionaswe prepareb-taggingtoolsfor LHC experiments.
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1. Introduction

The ability to identify jets originating from b quark production,or b-tagging,is critical for
severalof the primary physicsgoalsof the 2001-2009un of the Tevatronpp collider at /s =1.96
TeV. Thesegoalsincludeprecisionstudiesof thetop quark,thesearchor thestandardnodelHiggs
boson,andmary searchegor particlesfrom physicsbeyondthe standardnodel. Top quarksare
predictedto decayto aW andab nearly100%of thetime. The mostprecisesinglemeasurement
of thetop quarkmass|i] usesb-taggingto obtaina pure sampleof well-reconstructedop quark
candidatesFor theMy rangeMy < ~ 135GeV/c?, theHiggsof thestandardnodelis predictedo
decaypredominantlyto b’'s; obsenationof the Higgsatthe Tevatronin this particularlyinteresting
massrangewill dependon the quality of our b-taggingtools.

Therearecharacteristicef b-jetsthatdifferentiatethemfrom light flavor andcharmjets:

e thelonglifetime of theb quark
e thelargemassof B hadrons

¢ theenegeticsemileptoniadecayof B hadrons

Severalb-taggingtoolsareavailableat CDF thatattemptto exploit thesedistinguishingfeaturesof
b jets. Thefocusherewill be CDF’s secondaryertex b-tagger sinceit is the mostwidely used
amongCDF analysesBut eachtechniqueaddresseb jet identificationfrom a differentapproach,
andhenceit is possiblethat the combinationof the techniquescould provide additionaltagging
power.

1.1 The CDF Detector

CDF Il is ageneralpurposedetectordesignedo studythe particlescreatedn the /s = 1.96
TeV proton-antiprotorcollisionsprovidedby the Tevatronin Runll. A thoroughdescriptionof the
CDFdetectorcanbefoundelsavhere[Z]. A draving of aquadranbf thelongitudinalcrosssection
of the CDF detectorcanbefoundin Figure.l.

Chagedparticletrackingis exceptionalat CDF andplaysa majorrolein theb-tagalgorithms.
Trackingis performedin four detectorsubsystemseachresidingwithin a 1.4 T axial magnetic
field provided by a superconductingolenoid. Threesilicon tracking detectorsprovide tracking
informationoutto | n | < 2.0. LOO residedirectly on the beampipeandis a singlesidedsilicon
detectordesignedo withstandthe radiationervironmenttypical of Runll luminosities.Immedi-
atelyoutsideL00 in theregion1.5cm < r < 10 cmis the SVX Il, afive-layerdetectomwith axial
andstereosilicon strips. The layersof the ISL arelocatedat evenlargerradii. The stereasilicon
stripsprovide threedimensionakeconstructiorof eachtrack. The CDF silicon trackingprovides
impactparameteresolutionof ~ 40 um, which includesthe contrikution from the beamthatis
approximately80 um wide.

The CentralOuter Tracker (COT) is a cylindrical opencell wire chamberproviding tracking
informationoutto | n | < 1.0. Thewiresof the COT arearrangedn eightlayers,half of which are
axial,andhalf areatasmallsterecangle.Onagiventrackthereareupto 96 positionmeasurements
in the COT, and given an outer radiusof 1.35m, the COT hasa large lever arm for curvature
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measurementd.he COT providestrackmomentummeasurementsith resolution%’T =~0.0015
GeV 1 xpr.

In additionto chaged particle tracking, CDF also containselectromagneti@and hadronic
calorimetryup to | n | < 3.6. Muon detectionis possibleoutto | n | < 1.0, althoughin the b-
taggingstudiesdescribedbelov muonsfrom the mostcentralportion of CDF will be considered
(In]<0.6).
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Figure 1: A cross-sectionajuadrantiiew of the CDF detectorfocusingon thetrackingsystems.

2. Secondary Vertex Identification

Thelong-lifetime of B hadronscanbe exploitedin orderto identify jets consistentith origi-
natingfrom b-quarkproduction.Considerab-quarkproducedn the decayof atop quarkor Higgs
bosonattheinitial p-p interactionpoint. Theb-quarkhadronizeslmostimmediately(ontheorder
of 10-24s) to form a jet of particles;includedin this jet area B meson(B°, B*,B2) or a B baryon
(Ag). TheB hadronusuallycarriesoff mostof the original b-quarkmomenturmandhasarelatively
long lifetime (of orderseveral ps). Giventheir long lifetime andlarge boost,B hadronscreatedn
thisway travel amacroscopiclistanceaway from the primaryinteractionpointin thelab framebe-
fore decayinginto several chagedandneutralparticles.Reconstructiomf chagedparticletracks
enablesisto look for thetrajectorief decaydaughtershatareinconsistentvith originatingfrom
theinitial interactionpoint. Several of thesetrackscanbe determinedo originatefrom acommon
location,anda so-calledsecondaryertex canbe constructed.
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The CDF secondaryertex detectionalgorithm,SECVTX, is desighedo examinethe tracks
with largeimpactparametefdy) within eachjet andto attemptto vertex themto acommonpoint.
Eachtrack’s impactparameteis measuredvith respectto a primary pp interactionposition, or
primaryvertex, thatis determinedor eachevent. The SECVTX algorithmrunson a perjet basis
within eachevent. The algorithm startsby consideringsilicon trackswithin eachjet (AR< 0.4,
whereAR = /An2+A@?). The silicon tracks must be seededby or confirmedby a track in
the COT. To be consideredor SECVTX, the trackswithin the jet aredemandedo have pr >
0.5GeV/c, dy significanceSy, = |%| > 2.0 with respecto the primary vertex, anda minimum
numberof hitsin thesilicon trackingdetectorsThe hit requirementsrea functionof the detector
geometriesand the track reconstructiomquality. Tracksare further demandedo not exceeda
maximumdy requirementn orderto protectagainstpoorly reconstructedracksaswell astracks
from long-livedlight flavor hadronsor nuclearinteractionsn the detectormaterial.

The selectediracksare then orderedin pr, and a secondaryertex is soughtamongthese
tracks. The constructionof a 2-track“seed” vertex is first attemptedamongthe qualifying tracks.
If a seedvertex is found, the remainingtracksare consideredor vertexing with the seedtracks.
Eachadditionaltrack is consideredsingly; after attachingall qualifying tracksto the vertex, the
vertex x? is recalculatedandtracksareiteratively prunedfrom the vertex if they contritute too
greatlyto theoverall x2.

The 2D decaylengthof the fitted vertex with respecto the primaryis definedasLyy. If the
prunedvertex retainsthreeor moretracks,thisvertex is thensubjectto afinal roundof quality cuts,
including removal of verticesfrom materialand nuclearinteractions,aswell asthoseconsistent
with the decayKs and A\, two prominentlong-lived light flavor hadrons. Finally the vertex is
demandedo have S, > 7.5,whereS  isthe2D decaylengthsignificancedefinedass,, = \%\.
If the vertex satisfiesall of the above criteria,a secondaryertex is definedto have beenfound.

If no candidatevertex is found, a secondpassat vertex constructionis made. Efficiency is
gainedby only requiringtwo or moretrackssatisfyingmorestringenttrack quality requirements.

If a secondaryertex is found with either pass,the jet is said to be “tagged”. If the dot
productof the2D displacementectorfrom the primaryvertex to thesecondaryertex andthejet’s
momentumvectoris positive (ie., thevertex is in the samehemispheref the detectorasthejet),
thetagis called“positive”. If the secondaryertex andjet momenturrhave a negative dot product
(thevertex is in the oppositehemispheref the detectoractually behindthe jet), the tagis called
“negative”. Suchverticescannotbe consistenwith heary flavor decaysandare dueto the finite
trackingresolutionof the CDF detector

CDF supportghreeoperatingpointsfor the SECVTX algorithmwith differentvaluesof effi-
cieng andpurity: Ultratight, Tight, andLoose. Theresultsdiscussedn therestof the articleare
for the Tight operatingpoint asthis is mostwidely usedin CDF analyses.The Loosealgorithm
allows increasedefficiency for analyseghat requiretwo or three b-taggedjets. The Ultratight
algorithmallows increasegurity for analyseghatrequirea singleb-taggedet.

As with ary particleidentificationtechniqguewhenconsideringa b-taggerlike SECVTXit is
importantto understanchow often onetagsab jet in the dataandhow mary of the taggedjets
actuallycomefrom b's. Theissuef efficiency andpurity arediscussedbelow.
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2.1 Tag Efficiency

The efficiency of the SECVTX algorithmis definedasthe fraction of b jets fiducial to the
CDF COT and calorimetrythat possesa positve SECVTX b-tag. Measuringthe efficiency of
a b-taggingalgorithmis straightforvard in Monte Carlo events; one hasthe luxury of complete
knowledgeof the particleswithin eachjet, andthusit is straightforvard to identify the fiducial
jetsthat comefrom b quark productionandthe fraction which aretagged. But this is not to say
thatthe efficiency measuremerih Monte Carlojetsis accurate Reliablemodelingof b-taggingin
the Monte Carlo requirespreciseunderstandingf the chage depositionin the silicon detectors,
accuratesimulationof the tracking, andrealistic B hadronproductionand decaymodels. Since
noneof theseeffects are perfectly modeledin the Monte Carlo, it is imperatve to measurehe
b-tagefficiency in thedata.

Thechallengeén measuringhetagefficiency in dataeventsis thatthe natureof individualjets
is notexplicitly known. Thetagefficiency measuremerih dataat CDF reliesuponconstructinga
puresampleof b jetswithin the large dijet sample. Two methodscurrentlyin useat CDF utilize
high pr leptonsmatchedo jetsto identify jet pairsconsistentvith heary flavor.

Thefirst techniquerequiresahigh pr muonto beburiedwithin ajet. his so-called‘muon-jet”
is pairedwith aback-to-baclet, known asthe“away-jet”,whichis demandedo possessa positive
SECVTXtag. This jet pair (onejet containinga secondaryertex, the otherhaving evidencefor a
high pt semileptoniadecay)is consistenivith comingfrom heavy flavor production. By further
requiring that the effective massof the tracksin the secondaryertex of the away-jet be large
(Mux > 1.5 GeV/c?) to reducethe contritution from gg andcc, the dijet sampleis enrichedin b
jets. Thesecriteriaconstructa muon-jetsamplethatis ~ 78% purewith b's.

The muon-jetprovidesthe samplein which the efficiency measuremenis completed. The
pr of the muonrelative to the jet axis (prTe') is a powerful discriminatorof b jets from jets from
charmandlight flavor. Onecan constructprTel templatesor b andnon+b jets from Monte Carlo
dijet eventsandthenfit for thenumberof b jetsin thetaggedanduntaggedsamplegseeFigure 2).
Fromtheb fractions,onecancalculatethe efficiency for SECVTX to tagb jetsin the data. With
thistechniquethetagefficiency in 350pb* of Runll CDF datais measuredo be0.394-0.01(stat
only), integratedover the completget Er range. The SECVTXtag efficiency dependstronglyon
jet kinematics(Er andn); thesejet propertieswill clearlyvary dependingon the physicsprocess
one considers. Theseeffects should be consideredvhen determiningthe tag efficiency in the
context of anindividual measurement.

The tag efficiency is usedmost often when assessingignal acceptancewhich is typically
donein signalMonte Carlo samples.As discusseabove, Monte Carlo b-jets are not guaranteed
to perfectlymatchdatab jets. Soit is necessaryo constructa data-to-MonteCarloscalefactorfor
tagefficiency, which encapsulatethe discrepanciebetweerb-jet taggingin the Monte Carloand
data.In anappropriatadijet Monte Carlo samplematchingthe conditionsusedabove to selectthe
muon-jetsample the tag efficiency wasmeasuredo be 0.434+0.002(statonly). The scalefactor
thenis calculatedo be0.92+ 0.02(stati- 0.06(syst).The majorsourceof systematierroris the
jet Er dependencef the measurementthe muon pi¥' methodutilizes jets with small Er values
(20-40GeV), while mostof theinterestingphysicswe seekto do with high pr b taggingexists at
largerEt values(50-70GeV in top quarkdecay) andextrapolatingscalefactorresultsto thelarge
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Figure 2: Fits of the untaggedandtaggeddatamuon—jetsamplep’Te' distributionsusingb andnon-+b tem-
platesfrom MC. Jetsfrom non-b sourceshave typically smallerp’Te' valuesasonecanseefrom thefit to the
untaggednuon-jetsample wherethe contribution from non-b jetsis significant.

Er regimesuffersfrom lack of statisticalpower. Additional systemati@rrorsincludetheimperfect
detectoresponsén the jet enegy measuremerdndtherelianceon a sampleof b jets containing
semi-leptoniadecaysandapplyingto non-semileptonicecayingets. Thevalueof thescalefactor
beinglessthanunity indicatesthatthe taggingconditionsin the Monte Carlo are moreoptimistic
thanreality.

The secondag efficiency measuremennethodemplo/ed at CDF is similar to the muon pi¢
measuremenut useselectronsmatchedto jets to achiese a highly enrichedb sample. Similar
demandsare placedon the away-jet to increasethe b purity. The subsamplef the electron-jets
thathave a photoncorversionpartnerareseparatedrom the remainderof thejets; sinceelectrons
from semi-leptonichadrondecayshouldnot be consistentith comingfrom a corversion,these
jets provide a complementangsamplewith reducedb purity which is usedto determinethe light
flavor contentof the away-taggedsample.The electron-jetdnconsistentith photoncorversions
arethesamplen whichthedatatagefficiency is measuredAn algebraicsolutionis determinedor
the datatag efficiency, andthen,giventhe simpleMC tag efficiency, thetag scalefactorfrom the
electronmethodcanbecomputedaswell. Theresultis foundto be0.89+ 0.03(statit- 0.07(syst),
which is in good agreementvith the resultof the muon pi® methodusing the sameintegrated
luminosity,

Equippedwith thedata-to-MonteCarlotagefficiency scalefactor onecanthendeterminehe
tagefficiency for signaleventsin the data.For this purposea sampleof Monte Carlott eventswas
producedn Pythia[3], andthe tag efficiency wasmeasuredsa functionof b jet Er and| n | in
top decay asshawn in Figured. Efficiency curvesareshawn for the Tight andLooseSECVTX
operatingpoints. The efficiency measuredn the Monte Carlo jets is multiplied by a combined
scalefactorderivedfrom thetwo resultsdiscusse@bove, sotheefficiency curvesreflecttheactual



CDF b-tagging: Efficiency and Mistags ChristopheNeu

tag efficiency in the data. Onecanseethatthe tag efficiency reducesslightly asjet Er increases;
this is duein partto the collimation of tracksin high Et jets andthe difficulties vertexing such
trackstogether Theremoval of verticesfrom materialinteractionalsocontributesto the decrease
in efficiency at high jet Er; in suchjetsit is possiblefor the reconstructegecondaryertex to
be locatedbeyond the beampiperadius(rpeampipe = 1.26 cm), andthus qualify for removal asa
materialinteraction.Theefficiency decreasatlargejet Er is lessdramatiovhenconsidering.oose
SECVTX, for which the removal of theseverticesis not a part of the algorithm. The efficiency
reductionfor | n | > 1.0is dueto reducedrackingefficiency andsilicon coveragein the forward
region. Recallthatsilicon tracksconsideredn SECVTX arematchedo atrackin the COT. Large
| n | tracksexit the COT throughits endplatethusreducingthe numberof layerstraversed.This
resultsin a decreasedrack efficiency in theregion beyond| n | = 1.0. Currentlydevelopments
proceedingn exploiting standalonsilicontracksin theforwardregionto increasd-tagefficiency.
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Figure 3: Tag efficiency for b jetsin top decayin dataasa function of jet Er (a) and| n | (b) for two
SECVTXoperatingpoints.

The prospectof using actualtt eventsfor b-taggingcalibrationat the LHC experimentsis
discusseclsavhere[4]. Thisis anattractie approachin thatit directly providesinformationon
theperformancef thetaggelin jetsin thehigherEr regime. As notedabove, oneof thelimitations
of the standarcefficiency measurementchniqueemplo/edat CDF is the extrapolationfrom the
Er rangeof the calibrationsampleto the Er rangeof the signalsamplejt is hopedthatby utilizing
jetsin top eventsthat the effect of this systematicerror could be reducedor eliminated. Efforts
towardsthis endarecurrentlybeingpursuedat CDF

2.2 False Positive Rate

Falsepositive tags,or mistags,in SECVTX comefrom the spuriousidentificationof a sec-
ondaryvertex in a nonb jet. Jetsfrom light flavor productionshould be consistentwith zero
lifetime. However trackswithin alight flavor jet canstill have largeimpactparameteandhence
satisfythe secondaryertex requirementsSourceof suchspurioudargeimpactparametetracks
include:

e limited detectoresolution

¢ long-livedlight particledecayqA,Ks)
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e materialinteractions

Mistagsdue to limited detectorresolutionare expectedto be symmetricin the signed2D dis-
placementL,y of the vectorseparatinghe secondaryand primary vertices. Onecanthenusethe
ensemblef negatively taggedets (Lyy < 0) asapredictionto thelight flavor jet contricutionto the
positive tagsample.

At CDF ana priori predictionof the mistagrateis calculatedrom theinclusive jet samples.
Theinclusive jet sampleis collectedon a setof simpletriggersthat collecteventswith minimum
amountf calorimeterenepy; four trigger samplesarecollected with minimumjet Er of 20, 50,
70and100GeV. Thesesamplesareusedfor calibrationof the mistagrate.

Theprobabilityfor agivenjet to beamistagis determinedrom the probabilitythatthejet is a
negative tag. This probability comesfrom a perjet negative tag parameterizatiom five variables:

e Er

Y

o1

e trackmultiplicity
o STEI¥

The parameterizatiors built from theinclusive jet samplesandthenis usedto predictthe number
of mistagsin the standardsignaldatasamples.An exampleof a signalsamplefor tt production
is the collectionof eventswith a high pr leptonandmissingtrans\erseenengy, Fr (indicative of
W+ decay),andseveral jets. The jetsin sucha sampleare considerecn a jet-by-jet basis,and
the probability of eachjet to bea negative tagis extractedfrom thefive-variableparameterization.
Fromthe mistagprobabilitiesfrom the completesampleof jetsin the signalsample onecanthen
predictthe contribution from mistaggedoositive jets. Thesepredictionshase beenshowvn to be
valid within an 8% systematierror, which is dominatedby the choiceof calibrationsampleused
to make the mistagparameterization.

However notall mistagsarefrom resolutioneffectsalone.Simply assuminghatall mistagged
jets are symmetricaboutthe origin in Ly, will leadto an underestimatén the true rate of false
positive tags. The contritution from long-lived particle decaysand materialinteractionsto the
SECVTX positve tag rate hasbeenstudiedaswell. Thesecontributionsto the light flavor tag
sampleare at strictly positive Ly, values,thusintroducinga light flavor mistagasymmetry The
mistag contrikution to the positive tag sampleis measuredn the 50 GeV inclusive jet sample
discussedibore. Templatesof the pseudoet = L,y x % distribution for b, ¢ andlight flavors
areconstructedrom dijet Monte Carlo samplesandthe contribution from eachsourceis derived
from athree-componertftt to the datashapeslUsingthistechniquethe mistagasymmetry(A) was
measuredo be 1.36 & 0.23(syst).The asymmetryis usedto scalethe predictedmistagratefrom
negative tags R o4

+
Niignt

=AxR 4= (136% 0.23) xR, 21
Nlight X pred ( )X pred (2.1)
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With this prescriptionthe predictedmistagratebettermatcheghetrue contribution to the positive
tag samplefrom non-HF sources.It alsotakesinto accountthe (albeit small) contribution to the
negative taggedsamplefrom real heavy flavor jets. The systematicon the asymmetnyis driven by
theuncertaintyin the heavy flavor fractionin the samplein whichit is applied.

With themistagparameterizatioandasymmetryonecanexaminethemistagratein ageneric
jet sampleasa function of jet Er and| n | asshawvn in Figure4. More enegetic jets have more
enepetic chaged particle tracksthat passthe pr requirementgor the SECVTX algorithm; this
givesanincreasedombinatoricfake rateandhencethe mistagrategrows with jet Er.
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Figure 4: Mistagratein dataasafunctionof jet Er (a)and| n | (b).

3. Other b-tagging Strategies

The Soft Lepton Taggingalgorithm ] identifies b-jets by looking for evidenceof a semi-
leptonicB hadrondecaywithin ajet. Semi-leptoniadecayof hadronds notuniqueto the B sector;
however becaus®f the large massof typical B hadronsthe chagedleptonto which the B decays
typically hasa highertransyersemomentunwith respecto thejet’'s axisthanin non-B decaysand
this featureis exploited whentaggingjets with this technique. The CDF Soft Muon Taggerhas
beenin usefor severalyears;just recentlydevelopmenthasbegunon a Soft ElectronTagger

JetProbabilityconsidersthe dy of eachtrack within a jet and constructsa probability that
a given jet is consistentwith coming from a zero-lifetimesource. This probability distribution
allows oneto easilychoosethe efficiency/purity operatingpoint by tuning the cut on the value of
outputprobability A virtue of JetProbabilityis thatit providesa continuousoutput,which allows
it to beusedasa discriminantvariable.

Thesadisparatesourceof taginformationon jetslendsitself to acombinationgiventhateach
tool approachethetaskof b-taggingusingdifferentsourcef information. At CDF recentefforts
havefocusedoncombiningthesetaggingtoolsusingamultivariatetechniqudik e aneuralnetwork.
It is hopedthat by exploiting all the tagginginformation simultaneouslythe tag efficiency and
purity of the neuralnetwork taggerwill surpasshoseof the standardoolsalone.Themultivariate
combinationof taggersat CDF is still underdevelopment.

4. Conclusionsand Implicationsfor theLHC

Althoughwe have shavn techniquedor understandinghe performanceof the CDF taggers,
this doesnot meanthat the challengesof b-taggingat a hadroncollider are easyto overcome.
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Futureexperiments suchasCMS and ATLAS at the LHC, shouldbe mindful to pay closeatten-
tion to several subtletiesthat are essentiafor quality b-tagging. For example,understandinghe
alignmentof the trackingdetectorss critical for precisionmeasurementf trackimpactparame-
ters, a necessanngredientfor lifetime-baseds-tagging. The modelingof chage depositionfor
particlesasthey traversethe innertracking detectords importantfor high quality tracking,asis
an accuratetracking simulation. The materialcontentaroundthe interactionregion can have a
significantimpacton the taggingrate,andan effort shouldbe madeto understandhe detectors
trueprofile, includingsupportstructurescablescoolinglinesandreadoutlectronics And finally,
well-understood-taggingreliesheavily on having accesdo calibrationsampleghatascloselyas
possiblereproducehetopologiesof interestingsignalevents. Efficient triggeringfor eventsin the
properEr andn rangeis thereforeessentiafor both calibrationandsignalsamples.

Much experiencehasbeengainedin theareaof b-jet taggingat a hadroncollider duringRuns
I andll at the Tevatron. Successfub-tag algorithmsare currentlyin useat CDF. Herewe have
describedn detail oneof the CDF b taggingtools, the secondaryertex identificationalgorithm
SECVTX. Thetechniqguedor measuringag efficiency andmistagratein the datahave beende-
scribedin detail. It is hopedthat future experimentscapitalizeon this b-taggingexpertiseaswe
move forwardinto the enegy frontier.
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